Background: Gefitinib-resistance is a primary obstacle for the treatment of non-small-cell lung cancer (NSCLC). It has been shown that tanshinone IIA (Tan IIA) could induce apoptosis of NSCLC cells. However, the role of combination of gefitinib with Tan IIA on gefitinib-resistance NSCLC cells remains unclear. Thus, this study aimed to investigate the role of combination on the proliferation, apoptosis and invasion of gefitinib-resistance NSCLC cells. Methods: CCK-8, flow cytometric and transwell assays were applied to detect proliferation, apoptosis and invasion in gefitinib-resistance NSCLC cells, respectively. In addition, Western blotting assay was used to detect the expressions of p-EGFR, p-VEGFR2, and p-Akt in HCC827/gefitinib cells. Results: In this study, Tan IIA enhanced the cytotoxic effect of gefitinib in gefitinibresistance NSCLC cells. In addition, the inhibitory effects of gefitinib on the proliferation, migration and invasion of gefitinib-resistance NSCLC cells were enhanced in the presence of Tan IIA. Moreover, Tan IIA enhanced the pro-apoptotic effect of gefitinib in gefitinibresistance NSCLC cells via increasing the level of cleaved caspase 3. Meanwhile, Tan IIA enhanced the sensitivity of HCC827/gefitinib cells to gefitinib via downregulation of the VEGFR2/Akt pathway. In vivo experiments further confirmed that combination of gefitinib with Tan IIA inhibited tumor growth in mouse xenograft model of HCC827/gefitinib. Conclusion: We found that Tan IIA could enhance gefitinib sensitivity in gefitinib-resistance NSCLC cells. Therefore, combination of gefitinib with Tan IIA might be considered as a therapeutic approach for the treatment of gefitinib-resistant NSCLC.
Introduction
Lung cancer is the most common malignancy and the primary cause of cancerrelated death.
1 Non-small cell lung carcinoma (NSCLC) comprises nearly 85% of all lung cancers. 2, 3 About 65% of patients with NSCLC were aggravated to advanced stage at the first diagnosis, which has been reported to show a poor prognosis with 1-year survival rate of only 30% to 40% after surgery. 4 Recent years, surgical resection, radiotherapy and chemotherapy have been achieved promising benefit for patients with NSCLC. 1, 5, 6 However, the prognosis of patients with NSCLC remains unsatisfactory due to the aggressiveness and metastasis of NSCLC. 7 Thus, explore new treatment options for NSCLC are extremely necessary.
Gefitinib, an orally, epidermal growth factor receptor (EGFR) tyrosine kinase inhibitor, which could effectively inhibit the metastasis of NSCLC. 8 Recently, it has been shown that some anti-tumor drugs, such as gefitinib and bevacizumab, exhibited anti-tumor effect via targeting inhibition of either the EGFR or vascular endothelial growth factor receptor (VEGFR) signaling pathways. 9 EGFR and VEGFR signaling play important roles in tumor growth, angiogenesis and metastasis. 10 Inhibiting both EGFR and VEGFR signaling might be a potential strategy for the treatment of NSCLC. Previous studies have established the relationship between EGFR and VEGFR2 signaling: inhibition of VEGFR2 signaling could enhance the anti-tumor effect of EGFR inhibitors. 11, 12 Gefitinib are high-targeting and lowtoxicity in advanced patients with NSCLC. 13 It has been
shown that gefitinib plays an important role in delaying NSCLC recurrence. 14 Unfortunately, drug resistance was also accompanied, which severely weakened the clinical effectiveness of gefitinib. 15 Recently, the bioactive components in traditional Chinese medicine (TCM) have been found to exhibit synergistically anti-tumor effect against NSCLC when combined with gefitinib. 16 Thus, combination of TCM with gefitinib might be a potential therapeutic option for the treatment of NSCLC. Tanshinone IIA (Tan IIA) is a lipophilic components deriving from the roots of Chinese herbs medicine Salvia miltiorrhiza Bunge. 17 Tan IIA has been found to possess a number of biological activities, such as anti-inflammation, anti-oxidant and anti-tumor activities. [18] [19] [20] Liu et al found that Tan IIA significantly inhibited the tumor growth of A549 human NSCLC xenografts. 21 Meanwhile, Tan IIA could induce apoptosis in NSCLC cells via downregulation the level of p-Akt. 22 However, the role of Tan IIA in gefitinib-resistanceof NSCLC remains unknown. Therefore, this study aimed to investigate the anti-tumor effects of combination of gefitinib with Tan IIA in gefitinib-resistant human NSCLC cells.
Materials And Methods

Cell Culture
The NSCLC cell lines HCC827 and PC-9 were purchased from American Type Culture Collection (ATCC, Rockville, MD, USA). Two gefitinib-resistant cell lines (HCC827/ gefitinib and PC-9/gefitinib) were established by continuous exposure of NSCLC cells to a stepwise gradually concentration of gefitinib for more than 7 months. The NSCLC cells were cultured in Dulbecco's modified Eagle's medium (DMEM, Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% heat-inactivated fetal bovine serum (FBS, Thermo Fisher Scientific) and 1% penicillin-streptomycin at 37°C in a humidified atmosphere of 5% CO 2 .
Gefitinib (cat. no. SML 1657) and Tan IIA (cat. no. T4952) were obtained from Sigma Aldrich (St. Louis, MO, USA).
CCK-8 Assay
The cell viability was detected by using the Cell Counting Kit-8 (CCK-8) kit (Dojindo, Kumamoto, Japan) following the protocol. HCC827, PC-9, HCC827/gefitinib or PC-9/gefitinib cells (5×10 3 cell per well) were plated onto 96-well plates overnight at 37°C. After that, the culture medium was removed and the cells were treated with different concentrations of Tan IIA (0, 1 
Combination Studies
The combination index (CI) was used to calculate the drug combination studies by using Chou-Talalay method.
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HCC827/gefitinib or PC-9/gefitinib cells were exposed to solutions containing 0, 10, 20, 40, 80, 160 or 320 nM gefitinib combined with Tan IIA (2 μM). The CI value for the combination of gefitinib and TanIIA in NSCLC can be described as CI=DA/ICx,A+DB/ICx,B.
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Colony Formation Assay HCC827/gefitinib cells (5 × 10 3 cells/well) were plated into 6-well plates overnight at 37°C. After that, cells were treated with gefitinib (40 nM) or/and Tan IIA (2 μM) for another 3 days at 37°C. Later on, cells were stained with methylene blue solution at room temperature for 1 hr. Then, 6-well plates were photographed using an Olympus IX71 fluorescence microscope (Olympus, Tokyo, Japan) and the number of cell colonies was counted.
Immunofluorescence
HCC827/gefitinib or PC-9/gefitinib cells (5 × 10 3 cells/well) were plated into 6-well plates overnight at 37°C. After that, the cells were treated with gefitinib or/and Tan IIA for 48 hrs at 37°C. Later on, the cells were fixed with 4% formaldehyde for 10 mins at room temperature, and then blocked with 5% BSA for 30 mins at room temperature. After that, the cells were incubated with primary antibody against Ki67 (Santa Cruz Biotechnology, CA, USA) overnight at 4°C. After washing with PBS three times, the cells were incubated with goat anti-rabbit secondary antibody (Santa Cruz) at 37°C for 1 hr. Later on, cell nuclei were stained with DAPI (Abcam Cambridge, MA, USA) for 5 mins. Images were captured using an Olympus IX71 fluorescence microscope.
Flow Cytometry Assay
Cell apoptosis analysis in gefitinib-resistant NSCLC cells was carried out using an Annexin V-FITC apoptosis detection kit (Thermo Fisher Scientific). HCC827/gefitinib cells were washed three times with pre-cold PBS, the cells were then stained with Annexin V-FITC and propidium iodide (PI, Thermo Fisher Scientific) for 20 mins in the dark. The apoptotic cells were counted using a FACS Calibur flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA). After that, the membranes were incubated with HRP-goat anti-rabbit secondary antibody (1: 5000, Abcam) for 1 hr at room temperature. Enhanced chemiluminescence detection reagent (Tanon, Shanghai, China) was used to visualize the signal strength of the bands.
Western Blot Assay
Transwell Assay
Cell migration and cell invasion assays were conducted using transwell chambers (Corning New York, NY, USA). HCC827/gefitinib or PC-9/gefitinib cells (3×10 4 cells in 200 μL serum-free medium) were seed onto the upper Transwell chambers. Then, 600 μL of DMEM containing 20% FBS was then added into the lower chambers. Twentyfour hours later, the non-migratory or non-invaded cells were swabbed by a cotton bud. The migratory or invaded cells on the lower membrane surface were fixed with 4% paraformaldehyde for 15 mins. After that, the cells on the lower membrane surface were stained with 0.1% crystal violet for 20 mins. Five random fields were captured and counted under a fluorescence microscope. For transwell invasion assay, transwell chambers were pre-covered with Matrigel (BD Bioscience) before the experiments.
Animal Study
Male 
Statistical Analysis
GraphPad Prism 7 (GraphPad Software, Inc., La Jolla, CA, USA) was performed for statistical analysis. Data were represented as mean ± standard deviation (SD). All experiments were repeated at least in three times. The comparisons among multiple groups were made with one-way analysis of variance (ANOVA) followed by Tukey's test. P<0.05 was accepted as a statistically significant difference.
Results
Tan IIA Enhances The Cytotoxic Effect Of Gefitinib In Gefitinib-Resistance NSCLC Cells
The chemical structure of Tan IIA was indicated in Figure 1A . To compare the viability rate between the gefitinib-sensitive and gefitinib-resistance NSCLC cells, HCC827, HCC827/ gefitinib cells, and PC-9, PC-9/gefitinib cells were cultured in medium containing with different concentrations of gefitinib for 72 hrs. As shown in Figure 1B and C, the viability of HCC827 and PC-9 cells was markedly lower than those of HCC827/gefitinib and PC-9/gefitinib cells, respectively. In addition, 2 μM Tan IIA slightly inhibited the proliferation of HCC827/gefitinib and PC-9/gefitinib cells, and exhibited about 18% and 17% growth inhibition, respectively ( Figure 1D ). CCK-8 assay was further used to investigate the role of combination of gefitinib and Tan IIA on proliferation of gefitinib-resistance NSCLC cells. The cell viability in HCC827 cells showed no significant differences between the gefitinib treatment group and combination treatment group (Supplementary Figure 1A) . However, as indicated in Figure 1E and F, combined gefitinib with Tan IIA significantly inhibited the viability of HCC827/gefitinib and PC-9/gefitinib cells, compared with gefitinib treatment group.
Furthermore, as shown in Table 1 , IC 50 value of gefitinib (alone treatment) was 172.20 nM and 167.00 nM in HCC827/ gefitinib and PC-9/gefitinib cells, respectively. However, when gefitinib was combined with Tan IIA (2 μM), the IC 50 value of gefitinib was decreased to 43.37 nM and 75.77 nM, respectively. In addition, the CI value of gefitinib combined with Tan IIA in HCC827/gefitinib cells was less than 0.6, which indicated the synergism effect (Table 1) . Moreover, the CI value of gefitinib combined with Tan IIA in PC9/gefitinib cells was less than 0.8, which indicated the moderate synergism effect (Table 1) . These results suggested that combination of gefitinib with Tan IIA synergistically inhibited the proliferation of gefitinib-resistant NSCLC cells.
In particular, 2 μM Tan IIA combined with 40 nM gefitinib significantly inhibited the proliferation of HCC827/gefitinib and PC-9/gefitinib cells, and exhibited about 47% and 37% growth inhibition in HCC827/gefitinib and PC-9/gefitinib cells, respectively. Therefore, 40 nM gefitinib were utilized in the following experiments. These data indicated that Tan IIA could enhance the cytotoxic effect of gefitinib in gefitinib-resistant NSCLC cells. 
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Tan IIA Enhances The Anti-Proliferation Effect Of Gefitinib In Gefitinib-Resistant NSCLC Cells
To investigate the role of Tan IIA and gefitinib on the proliferation of gefitinib-resistant NSCLC cells, colony formation and Ki67 immunofluorescence staining assays were used. As indicated in Figure 2A -D, gefitinib significantly inhibited the proliferation of HCC827/gefitinib cells, compared with the control group. As expected, Tan IIA markedly enhanced the anti-proliferation effect of gefitinib on HCC827/gefitinib cells. In addition, the anti-proliferation effect of Tan IIA combined with gefitinib was confirmed by testing PC9/gefitinib cells (Supplementary Figure 2A and B) . These data indicated that Tan IIA could enhance the anti-proliferation effect of gefitinib in gefitinib-resistant NSCLC cells.
Tan IIA Enhances The Pro-Apoptotic Effect Of Gefitinib In Gefitinib-Resistant NSCLC Cells
Next, the effect of Tan IIA combined with gefitinib on cell apoptosis was detected with flow cytometric assay. As shown in Figure 3A and B, Supplementary Figure 3A and B, treatment of HCC827/gefitinib and PC9/gefitinib cells with gefitinib or Tan IIA alone significantly induced cell apoptosis compared with the control group. As expected, combination of gefitinib with Tan IIA induced a substantial fraction of apoptosis in gefitinib-resistant NSCLC cells, compared with gefitinib treatment group. In addition, gefitinib markedly increased the levels of cleaved caspase 3 in HCC827/gefitinib and PC9/gefitinib cells, which were further enhanced in the presence of Tan IIA ( Figure 3C and D, Supplementary Figure 3C and D). These results indicated that Tan IIA could enhance the pro-apoptotic effect of gefitinib in gefitinib-resistant NSCLC cells.
Tan IIA Enhances The Inhibitory Effects Of Gefitinib On The Migration And Invasion Of Gefitinib-Resistant NSCLC Cells
To further assess the role of Tan IIA and gefitinib on the migration and invasion of HCC827/gefitinib cells, transwell migration and invasion assays were applied. As indicated in Figure 4A and B, Supplementary Figure 4A 
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Tan IIA Enhances The Sensitivity Of HCC827/Gefitinib Cells To Gefitinib By Regulation Of VEGFR2/Akt Pathway To assess the mechanism by which Tan IIA regulates gefitinib-resistance in NSCLC, the expressions of p-EGFR, p-VEGFR2 and p-Akt were measured by Western blotting assay. As indicated in Figure 5A group ( Figure 6A-C) . In addition, gefitinib significantly decreased the expression of p-EGFR in tumor tissues ( Figure 6D and E). Meanwhile, gefitinib had no effects on the expressions of p-VEGFR and p-Akt in tumor tissues, whereas the levels of p-VEGFR and p-Akt were markedly decreased in the presence of Tan IIA (Figure 6D , F and G). These results illustrated that combination of gefitinib with Tan IIA could inhibit tumorigenesis in HCC827/gefitinib xenograft by downregulation of the VEGFR/Akt pathway.
Discussion
Gefitinib, an EGFR-targeted tyrosine kinase inhibitor, has been used as a first-line drug for NSCLC. 25 However, drug resistance is a primary obstacle in the response of NSCLC patients to gefitinib. 26 Previous study indicated that finding new combinations of drugs might be a potential method to eliminate chemoresistance. 27, 28 In order to find a new therapy to enhance the sensitivity of NSCLC cells to gefitinib, gefitinib-resistant human NSCLC cells were used.
It has been shown that Tan IIA could enhance the sensitivity of cancer cells to chemotherapeutic drugs, such as doxorubicin, cisplatin. 29, 30 Li et al found that
Tan IIA could reverse doxorubicin resistance in doxorubicin-resistant breast cancer cells. 31 Meanwhile, Tan IIA enhanced the sensitivity of lung cancers to cyclophosphamide via inducing apoptosis. 32 In this study, we found that the inhibitory effects of gefitinib on the proliferation, migration and invasion of gefitinib-resistant NSCLC cells were enhanced in the presence of Tan IIA through inducing apoptosis. Chen et al indicated that combination of curcumin with gefitinib significantly induced apoptosis in gefitinib-resistant NSCLC cells, which was consistent with our studies. 33 For the first time, we found that Tan IIA could reverse gefitinib-resistance in NSCLC. However, the mechanism underlying the chemo-preventive effect of Tan IIA has not been entirely illustrated. It has been shown that gefitinib exhibited an inhibitory role on EGFR phosphorylation in NSCLC. 34 In this study, gefitinib markedly decreased the level of p-EGFR, while Tan IIA had no effects on the phosphorylation level of EGFR in gefitinib-resistant NSCLC cells. In addition, combination treatment had no effects on the phosphorylation level of EGFR in gefitinib-resistant NSCLC cells as well, compared with gefitinib treatment group. Therefore, we speculated that EGFR signaling was not involved in combination-induced apoptosis of gefitinib-resistant NSCLC cells in vitro and in vivo. Evidence indicated that VEGF, vascular endothelial growth factor, could stimulate cell proliferation and inhibit cell apoptosis in different cancer cells. 35 It has been shown that VEGF exerts its biological activity in endothelial cells via combination with VEGFR2. 35 Xie et al indicated that Tan IIA could induce apoptosis of NSCLC cells via decreasing VEGF/VEGFR2 expression. 36 Su et al found that Tan IIA inhibited the proliferation of gastric carcinoma cells by downregulation the expression of VEGFR. 37 Meanwhile, apatinib could inhibit the proliferation of gefitinib-resistant NSCLC cells by inhibiting VEGFR signaling pathway. 38 In the present study, our findings are in line with previous studies, showing that gefitinib or Tan IIA significantly downregulated the phosphorylation level of VEGFR2 in HCC827/ gefitinib cells, which were further enhanced by combination treatment. However, this situation was reversed by VEGF. These data suggested that Tan IIA enhanced the sensitivity of HCC827/gefitinib cells to gefitinib by downregulation of VEGFR2, which could exhibit an anti-angiogenic activity in gefitinib-resistant NSCLC cells. Combination of VEGF and VEGFR2 could activate Akt pathway in endothelial cells, contributing to the promotion of cell proliferation. 39 In this study, we found that combination treatment obviously downregulated the phosphorylation level of Akt in HCC827/gefitinib cells. Therefore, these data illustrated for the first time that combination of gefitinib with Tan IIA inhibited the proliferation of gefitinib-resistant NSCLC cells via inhibition of VEGFR signaling pathway, then indirectly inhibiting downstream Akt signaling pathway, thereby suppressing the tumorigenesis of NSCLC.
Conclusion
Collectively, Tan IIA reversed gefitinib-resistance in gefitinib-resistant NSCLC cells via inhibiting VEGFR/Akt pathway. Therefore, gefitinib combined with Tan IIA might be considered as a therapeutic approach for the treatment of gefitinib-resistant NSCLC.
